Renal adaptation apparently contributes to the homeostasis of taurine, a a-amino compound that behaves as a conserved metabolite in the mammal. We studied two strains of inbred mice: C3H/Hej (low-taurine excreter) and C57BL/6J (high-taurine excreter due to impaired basolateral membrane permeability to taurine). Low-protein and low-sulfur amino acid diets fed for two weeks significantly decreased plasma taurine in both strains, decreased fractional taurine excretion in vivo (particularly in the C57BL strain), and increased net uptake of taurine by renal cortex slices and isolated brush-border membrane vesicles (BBMV) in vitro in both strains. Renal adaptation was less obvious in vivo in the low-taurine excreter C3H strain, but in vitro adaptation, as observed in slices and BBMV (P < 0.01), was greater than that observed in the C57BL strain. Renal cellular taurine content fell (P < 0.01) only in the adapted C3H strain. The in vitro adaptive response was not confined to taurine; BBMV uptake of D-glucose and L-alanine was also enhanced in the adapted state. Specificity of the stimulus for adaptation was tested with a low-phenylalanine diet; a modest adaptation was observed in vivo and in vitro but only in the C3H strain. BBMV adaptation did not correlate with blood methionine but correlated inversely with plasma taurine (r = 0.71, P < 0.05), implying that change in extracellular taurine may be a signal for renal adaptation in taurine homeostasis in the mammal.
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Taurine, a /3amino derivative of cysteine, is present at high concentration in many tissues (myocardium, skeletal muscle, brain, retina) and body fluids (bile, plasma, human milk). In addition to its well-defined role in bile acid conjugation, it has been implicated as a membrane stabilizer and a modulator of ion fluxes in excitatory tissues (1, 2) .
Taurine is an end-pathway metabolite in the mammal. The only routes for its disposal are excretion into urine and bile, the former being quantitatively more important (3). Rats maintained on diets low in organic sulfur excrete a constant amount of taurine in bile but reduce their urinary taurine excretion (4). Mature rats deficient in vitamin B-6, and compromised in taurine biosynthesis, have reduced urinary excretion of taurine with no change in plasma taurine (5) . Human infants may be deficient in taurine biosynthesis; when they are fed diets containing virtually no taurine, plasma and urine taurine decline (6) , indicating that taurine might be an "essential" metabolite for the human newborn. These findings suggest that taurine could be a conserved metabolite and kidney might be a critical arbiter of whole-body taurine homeostasis. Renal membranes, both brush border (7, 8) and basolaterol (9, 10) , possess taurineselective transport systems.
We investigated the effect ofdiet on renal transport oftaurine in two inbred murine strains with comparable plasma taurine: C3H/HeJ with low renal fractional taurine excretion; and C57BL/6J with high fractional excretion (hypertaurinuric) associated with deficient taurine transport at the basolateral membrane of renal epithelium (11, 12) . Measurements of fractional taurine excretion in vivo and uptake of taurine by renal cortex slices and renal brush-border membrane vesicles (BBMV) in vitro indicate that net fractional reabsorption of taurine increases when the supply of taurine is reduced. This is evidence for specific renal adaptation as a component of whole-body homeostasis for an amino acid and is of special relevance to the biology of taurine.
METHODS AND MATERIALS
We used adult male mice from two inbred strains: C3H/HeJ (low-taurine excreter strain) and C57BL/6J [high-taurine excreter strain with reduced taurine permeability at the renal epithelial basolateral membrane (11, 12) ]. Mice were purchased from the Jackson Laboratory (Bar Harbor, MA). Animals were fed specific diets (Table 1 ) for a period of 2 weeks before investigation. Control and experimental diets (Purina rodent laboratory chow, Ralston Purina Canada; low-protein diet, U.S. Biochemical, Cleveland, OH; low-sulfur amino acid diet, ICN; low-phenylalanine diet, ICN) were isocaloric and comparable in mineral and vitamin content. Plasma was obtained by rapid centrifugation of blood collected by retro-orbital sinus puncture and pipetted into heparinized tubes. Urine was obtained by bladder puncture. Renal cortex taurine was measured as described (10) . Uptake of [I4C]taurine (0.11 mM) by renal cortex slices and determination of fluid spaces were performed by established procedures (10) . BBMV were isolated from mouse kidney cortex by the method ofBooth and Kenny (13) as modified by Tenenhouse and Scriver (14) . Uptake of [14C]taurine (44 ,uM) or L-['4C]alanine (30 ,uM) by BBMV was measured as described (8 Taurine and other amino acids were measured on a Durrum D-500 amino acid analyzer. a-Glycerophosphoethanolamine, which has a retention time similar to taurine on most analyzers (15) , was not present in the plasma, urine, or kidney samples that we tested. Creatinine was determined in plasma and urine with a creatinine Rapid Stat diagnostic kit (Pierce).
[14C]Taurine (114 mCi/mmol; 1 Ci = 3.7 x 10'°becquerels) 
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (16) . RESULTS Effect of Taurine Loading and Fasting. Preliminary studies indicated that animals fed Purina lab chow supplemented with taurine (4 mM in drinking water) had increased fractional taurine excretion (P < 0.05) and decreased taurine transport by renal BBMV (P < 0.01). Overnight fasting (20 hr) did not alter fractional excretion or BBMV transport oftaurine (data for these studies not presented in detail but included in Fig. 3 ).
Low-Protein Diet. See Table 2 . Plasma taurine decreased (P < 0.01) in C3H and C57BL mice fed the low-protein diet. Observed changes in BBMV uptake were not a function of vesicle size; uptake at 15 s expressed as a coefficient of uptake at equilibrium was also increased significantly (P < 0.01; data not shown).
Fractional taurine excretion fell significantly (P < 0.01) in the high-excreter C57BL strain; the low-excreterC3H strain had no further reduction in fractional excretion. Renal cortex taurine content fell (P < 0.01) in theC3H strain but was unchanged in the C57BL mouse. Taurine uptakes by renal cortex slices and renal BBMV were both increased significantly (P < 0.01) in C3H and C57BL mice fed the low-protein diet.
Low-Sulfur Amino Acid (Taurine) Diet. See Table 2 . Plasma taurine decreased (P < 0.01) in both strains fed the low-taurine diet. Fractional excretion was decreased (P < 0.01) in both strains. Renal taurine content fell significantly (P < 0.01) only in the C3H strain. Taurine uptake by renal cortex slices and by renal BBMV were both increased (P < 0.01) in theC3H and C57BL strains.
Specificity of the Adaptive Response. We measured renal handling of D-glucose and L-alanine in vitro, and the quasisteady-state level of plasma amino acids in vivo. Low-protein and low-sulfur amino acid diets enhanced glucose uptake by BBMV (P < 0.05) (Fig. 1) ; alanine uptake by BBMV also increased.
The renal adaptive response was accompanied by significant changes (P < 0.05) in several plasma amino acids (data not shown). The three diets each induced a decrease in methionine in the C3H strain; low-protein and low-sulfur amino acid diets but not the low-phenylalanine diet were associated with low plasma methionine in the C57BL strain; the low-phenylalanine diet induced a decrease (P < 0.05) in phenylalanine and tyrosine in both strains. Branched-chain amino acids decreased (P < 0.05) with the low-protein diet. Glycine decreased on the lowprotein diet and increased on the low-sulfur amino acid diet. Other significant amino acid changes were observed but the pattern was not consistent.
Specificity of the Stimulus for Adaptation. We used the lowphenylalanine diet to study specificity of the signal for adaptation and the effect ofa limiting essential amino acid other than L-methionine. Although plasma taurine (80% of control, P < 0.01) and fractional excretion (66% of control, P < 0.05) both decreased in the C3H/HeJ strain, the change was limited to this strain and was less than that observed with the low-taurine diet. BBMV uptake of taurine was significantly increased (P < 0.01) but only in the C3H strain, and the adaptation (126% of control) was small when compared to that on the low-sulfur amino acid diet (Table 2 ). BBMV uptakes of glucose and alanine were also enhanced (P < 0.05) but only in the C57BL strain.
Correlation of in Vivo and in Vitro Findings. Fractional taurine excretion correlated with the actual plasma taurine in mice fed control diets (Fig. 2) . Taurine loading increased fractional taurine excretion relative to plasma taurine; adaptation to lowprotein and low-sulfur amino acid diets decreased it (Fig. 2) .
We assume that plasma taurine reflects renal-filtered taurine in these observations. A significant correlation (r = 0.71, P < 0.05) was observed when the mean change in plasma taurine in experimental groups (compared with their respective control groups) was plotted against the corresponding change in BBMV uptake of taurine for the five experimental conditions (fasting, taurine loading, low-protein diet, low-sulfur amino acid diet, and lowphenylalanine diet) in both strains (Fig. 3) . No correlation (r = 0.07) was observed when change in plasma methionine was compared with BBMV uptake oftaurine. These findings suggest that the change in plasma taurine could be a signal, in either the controlled or controlling loop, for the adaptive response at the renal brush-border membrane.
Contribution of Genotype to Adaptive Response. Fractional taurine excretion did not decrease in theC3H strain fed the lowprotein diet. This discrepancy in adaptive response probably reflects the negligible fractional taurine excretion characteristic of this strain even under control conditions; accordingly, a further decrease is not likely to be measurable in vivo (Table 2 and Fig. 2) . Nonetheless, BBMV preparations from C3H mice showed the adaptive response in vitro (Table 2) .
Renal cortex taurine did not decrease in adapted C57BL mice and the tissue-to-plasma taurine ratio was higher in the C57BL strain (ratio 68.3, n = 5) than in the adapted C3H strain (ratio 39.1, n = 5) under conditions of the low-protein and low-sulfur amino acid diets (Table 2 ). In the adapted C57BL mouse, enhanced uptake from lumen would presumably increase cellular taurine more than in the adaptedC3H strain because efflux at basolateral membrane is deficient in the former (12) . It is of interest thatin vitro adaptation was consistently less in the C57BL strain compared to the C3H strain (Table 2 ). These findings imply that cellular taurine itself may be a component of the response loop in the adapted state.
DISCUSSION
Our findings indicate that induced hypotaurinemia is accompanied by an adaptive decrease in fractional renal excretion and an adaptive increase in renal BBMV transport of taurine. Because transport at the brush-border membrane controls net reabsorption of amino acids (17, 18) , it seems that adaptation of a membrane function represents a specific response to maintain whole-body taurine homeostasis.
The kidney appears to possess adaptive taurine transport at both luminal and antiluminal membranes. Net transepithelial flux is dependent on uptake at the luminal membrane and efflux at the antiluminal surface (17, 18) . We observed an adaptive response in the isolated brush-border membrane and in the Physiological Sciences: Rozen renal cortex slice; the latter preparation exposes the basolateral membrane primarily (19, 20) . A preliminary report indicates that isolated cortical tubules prepared from rats fed a low-taurine diet also transport taurine more avidly than do controls (21). However, the tubule preparation exposes brush-border and basolateral membranes simultaneously (20) and the cellular membrane undergoing the adaptive response was not defined.
The interplay between genetic and environmental influences on renal handling of taurine is emphasized by the differences in renal cortex content of taurine in the two adapted inbred strains of mice. The hypertaurinuric strain (C57BL/6J) has decreased taurine permeation at the antiluminal membrane when compared to the C3H/HeJ strain (11, 12) . Whereas both strains had increased transport at the luminal membrane in the adapted state, impaired outflow at the antiluminal membrane in the C57BL/6J strain was associated with greater retention of taurine in renal cortex. Thus, the renal response in taurine homeostasis in the two strains is consistent with the-characteristics of taurine transport at the epithelial membranes in these strains.
Deprivation of protein or of a specific essential amino acid (methionine or phenylalanine) perturbs amino acid homeostasis (22) and could be a signal for a generalized adaptive renal response. Accordingly, the adaptive response, under such conditions, could extend beyond taurine transport. The broad perturbation of quasi-steady-state levels ofplasma amino acids and the increase in BBMV uptake ofglucose and alanine in mice fed the three experimental diets indicate an adaptive response that extended beyond taurine in our experiments.
Renal adaptation of taurine transport after phenylalanine deprivation was not as impressive, both in vivo and in vitro, as with methionine deprivation. This finding indicates a certain specificity in the signal for taurine homeostasis. By analogy, the finding may explain decreased urinary taurine in humans exposed to a lysine-deficient semisynthetic diet (23) . The nature of the signal for renal adaptation is of particular interest. In the case of taurine transport it appears to be associated with change in plasma taurine. Because taurine is an end metabolite, the signal is not a derivative of taurine; nor is it the initial precursor oftaurine, the essential amino acid methionine. Diets that perturbed taurine homeostasis (low-protein or lowsulfur amino acid) reduced plasma taurine to lower levels and enhanced BBMV transport to a greater extent than did selective deprivation of L-phenylalanine, an essential amino acid that is not a precursor of taurine. That is to say, the greater the perturbation of plasma taurine the greater the adaptive response.
The mechanism for transduction of signal to physiologic response was not investigated. Nonetheless, the existence of an adaptive mechanism for taurine homeostasis indicates that taurine is a conserved nutrient.
